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The formation of Fe-ZrO2 nanocomposite powders by reduction in hydrogen of a nanocrystalline totally
stabilized Zr0.9Fe0.1O1.95 solid solution was investigated by X-ray diffraction (XRD), field-emission-gun
scanning electron microscopy (FEG-SEM) and Mo¨ssbauer spectroscopy. The reduction of the stabilized
Zr0.9Fe0.1O1.95 solid solution and the formation of metallic particles precedes the transformation of zirco-
◦
anocomposites
anoparticles
ron-zirconia
o¨ssbauer spectroscopy
nia into the monoclinic phase, which becomes the major zirconia phase upon reduction at 950 C. -Fe
particles with a size distribution slightly increasing from 10–50 to 20–70nm upon the increase in reduc-
tion temperature are observed and a second population of smaller (<5nm) -Fe nanoparticles is also
noticed when the reduction is performed at 1000 ◦C. Another metallic phase with a hyperfine field of
∼200kOe at RT (∼250kOe at 80K) is detected, which could account for an Fe/Zr phase. It could be formed
by the reduction on an Fe2+-rich transient phase incorporating a small fraction of the Zr4+ ions, formed
roces
Yby a phase partitioning p
. Introduction
Metal-oxide ceramic-matrix nanocomposite materials, where
anometric metal particles are dispersed in an oxide matrix, have
ttracted much interest owing to their exceptional optical, elec-
rical, magnetic and mechanical properties [1–4]. Nanocomposite
owders have been prepared directly by the mechanical mixing
f powders [5,6] or by mechanosynthesis [7,8], or by chemical
ethods involving the reduction in hydrogen of suitable oxide pre-
ursors. There are several routes to prepare such oxide precursors.
ntimate oxide mixtures have been obtained by the sol–gel route
9–14]. In earlier works, we have shown that oxide solid solutions
repared by decomposition and calcination of oxalate mixtures or
y nitrate/urea combustion are also potentially high-performance
recursors because the as-such produced materials feature a very
omogeneous distribution of the desired metallic ions in their
tructures. Using the appropriate temperature and duration in the
eduction process of these precursors, one is able to precisely
ontrol the micro/nanostructure of Fe/Cr-Al2O3 [15–19], Fe/Cr-
r2O3 [20], Fe/Co/Ni-MgO [21,22] and Fe/Co/Ni-MgAl2O4 [23–25]
anocomposite powders. Although Ni-Y2O3-ZrO2 composites are
laimed to be materials of greater importance for solid-oxide fuel
ells [26], Fe-ZrO2 ceramic-matrix micro- or nanocomposites have
∗ Corresponding author. Fax: +32 9 264 6697.
E-mail address: Valdirene.Gonzaga@Ugent.be (V.G. de Resende).
oi:10.1016/j.jallcom.2008.03.045s superimposed to the reduciton processes.
been seldom studied. Fe-ZrO2 microcomposites were prepared
by melt infiltration [27] and mechanical mixing [28]. Axtell and
Schalek [29] usedmechanicalmilling to prepare Fe-ZrO2 nanocom-
posite powders with interesting magnetic properties. Ringuede et
al. [30]usedacombustion/reductionmethod for the synthesisof Fe-
2O3-ZrO2 microcomposite powderswith large Fe volume fractions
(25 and 50%). The present paper presents results on the forma-
tion of Fe-ZrO2 nanocomposite powders by reduction in hydrogen
of a totally stabilized Zr0.9Fe0.1O1.95 solid solution, the synthesis
and characterization of which were reported elsewhere [31]. The
study was performed using a combination of techniques including
notably Mo¨ssbauer spectroscopy.
2. Experimental methods
The appropriate amounts of Fe(NO3)3·9H2OandZrO(NO3)2·xH2Oweredissolved
in deionized water (20mL, 70 ◦C) with seven times the so-called stoichiometric
amount of urea, in order to produce 5g of Zr0.9Fe0.1O1.95 solid solution as described
elsewhere [31]. The dish containing the solution was placed in a furnace pre-heated
at 600 ◦C, keeping the door of the furnace open. After water evaporation, a smoul-
dering combustion reaction takes place according to a redox reaction between
the nitrates and urea, producing the oxide powder, which was characterized in
detail [31]. Analysis of the XRD pattern only revealed the peaks of the tetragonal
Zr0.9Fe0.1O1.95 solid solution. Flash-combustion analysis revealed only trace amounts
of carbon. The BET specific surface areawas found equal to 39m2/g. FEG-SEM images
revealedporousmicro- or submicrometric grains,madeupof smaller primary grains
or crystallites about 10nm in size, in good agreement to the size derived from the
XRD pattern by the Scherrer method.
Batches of 0.08 g of the solid solution powder were reduced in H2 atmosphere.
The H2 flow rate was equal to 15 L/h and the gas was dried on P2O5. The heat-
ing/cooling rate to the desired temperature (600, 700, 800, 900, 950 and 1000 ◦C)
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pFig. 1. Mo¨ssbauer spectra of the oxide solid solutio
nd back to room temperature (RT) was 5 ◦C/min. No dwell was applied at the max-
mum temperature. Note that since the heating/cooling rate is small, one cannot
onsider that all runs are dependent upon the temperature only. On the contrary, a
un at a given maximum temperature is an extension of an experiment performed
t a lower temperature. The so-obtained powderswill hereafter be denoted as R600,
700, . . . R1000.
ig. 2. XRD patterns of the oxide solid solution and of the Fe-ZrO2 nanocomposite
owders prepared by reduction in H2 at different temperatures.T (left) and the corresponding QSD profiles (right).
X-ray diffraction (XRD) patterns were recorded with a Bru¨ker D4 Endeavor
diffractometer using Cu K radiation. The proportions of tetragonal and monoclinic
zirconia phases were evaluated from the XRD patterns using the Garvie–Nicholson
method [32]. The powders were observed by field-emission-gun scanning electron
microscopy (FEG-SEM JEOL JSM6700F). 57FeMo¨ssbauer spectra (MS) of the powders
were collectedwith powders kept at 80K and/or at room temperature, using a spec-
trometer operating in constant acceleration mode with triangular reference signal.
57Co (Rh) source was used. Accumulation of data was performed in 1024 channels
using aWISSEL CMCA-550 unit, and themeasurementswere run until a background
of at least 106 counts per channel was reached. The spectrometer was regularly cali-
bratedbycollecting atRT the spectrumof a standardmetallic iron foil or of a standard
-Fe2O3 powder. Isomer-shift values quoted hereafter are with respect to -Fe at
RT.
3. Results and discussion
The RT Mo¨ssbauer spectrum of the Zr0.9Fe0.1O1.95 powder
(Fig. 1) showed a broad quadrupole doublet, the shape of which
could be adequately reproduced in terms of a model-independent
quadrupole-splitting distribution (QSD). It was proposed [31] that
although the solid solution is mainly tetragonal, as shown by anal-
ysis of the XRD pattern, it contains a significant fraction of the cubic
phase. This suggestion indeed explained the multi-modal shape of
theQSDprofileevaluated fromtheRTdoublet spectrum.Thisprofile
essentially consists of three contributions, i.e. two (characterized
by maximum-probability quadrupole splittings of EQ,m,1 = 0.65
and EQ,m,2 = 0.98, respectively) supposedly arising from different
environments of the Fe3+ cations in the tetragonal phase, and one
(EQ,m,3 = 1.45) from the Fe3+ cations in the cubic phase. Theminor
fourth maximum in the QSD profile (EQ at ∼1.9mm/s) cannot be
reasonably explained and was considered to be an artifact of the
fitting.
The XRD patterns of the solid solution and the powders reduced
in H2 are shown in Fig. 2. The pattern for R600 is similar to that for
the un-reduced solid solution. -Fe is weakly detected for R700.
Upon increasing the temperature to 1000 ◦C, the intensity of the
(110)-Fepeakgraduallygrows, inferring that thedegreeof reduc-
tion of the sample is progressing with the increase in temperature.
For R800, a weak shoulder on the high-2 side of the (101) t-ZrO2
peak could indicate that a very low proportion of monoclinic zir-
conia is present. The latter phase is clearly detected for R900. The
corresponding peaks become the dominant peaks in the XRD pat-
terns for R950 (59%) and R1000 (85%). The steepest increase of
the monoclinic XRD line intensities thus seems to take place for
reduction temperatures between 900 and 950 ◦C. These observa-
tions could indicate that the begining of the selective reduction
of the stabilized Zr0.9Fe0.1O1.95 solid solution and the formation of
-Fe precedes the transformation of zirconia into the monoclinic
phase.
FEG-SEM images of the reduced powders are presented in Fig. 3.
For R600 (Fig. 3a–c), some round particles 10–50nm in diameter
(someofwhich are indicated by arrowson the images) are observed
at the surface of large smooth ZrO2 grains. These particles are to be
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oig. 3. FEG-SEM images of the Fe-ZrO2 nanocomposite powders prepared by reduct
).
istinguished from the few small zirconia grains appearing slightly
arger and with irregular shapes (Fig. 3a). Note that in the center
f Fig. 3a, a round -Fe particle appears located on top of a zir-
onia grain. Higher magnification images (Fig. 3b and c) show Fe
anoparticles with diameters of 30, 15 and 12nm (indicated by
rrows on the images) on a granular surface which appear to be
ade up of clusters a few nanometers across due to the Pt met-
llization. Nevertheless, is possible to distinguish the boundaries
f the zirconia crystallites (Fig. 3b) showing that their size is in theH2 at 600 ◦C (a–c); 700 ◦C (d and e); 800 ◦C (f); 900 ◦C (g); 950 ◦C (h); 1000 ◦C (i and
range 10–30nm, remaining almost constant for R600, R700 (Fig. 3e)
and R 800 (Fig. 3f). For R700 (Fig. 3d and e) and R 800 (Fig. 3f), the
size distribution of the round Fe particles is roughly similar to that
observed for R600, a few particles only being slightly larger (up
to 60nm). In Fig. 3f, one can observe some -Fe particles clearly
emerging from a circular-shaped grain in the oxide. Such circu-
lar forms are already observed at the surface of the grains of the
oxide solid solution and do not appear from the evolution of the
matrix during the selective reduction. For the R900 and R950 pow-
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fFig. 4. Mo¨ssbauer spectra (RT and 80K) of the Fe-ZrO2 nanocom
ers (Fig. 3g and h), the size distribution of the -Fe particles is
gain slightly shifted to higher values (20–70nm) and the matrix
rystallites have grown significantly (maximal size 80nm), reflect-
ng the beginning of the formation of m-ZrO2. The main novelty
ppear for the R1000 powder (Fig. 3i and j) in which many Fe par-
icles smaller than 5nm (some of which are indicated by arrows on
he images) are clearly evidenced at the surface of most zirconia
rystallites. For this powder, the larger Fe particles are still in the
0–70nm size range but the matrix crystallite have grown and are
n the range 30–120nm (Fig. 3i and j), reflecting thatm-ZrO2 is now
hemajor zirconia phase. Note that it is not possible to compare the
elative quantities of large and small Fe particles in the different
owders from such images since their population, in a particular
owder, varies significantly from one observed area to another.
The MS at RT and at 80K of the reduced powders (Figs. 4 and 5)
ere interpreted assuming discrete, symmetrical componentswith
orentzian line shapes. The as-such adjusted values of some rel-
vant Mo¨ssbauer parameters for the various subspectra resolved
rom these MS are listed in Table 1. The evolution of the relativee powders prepared by reduction in H2 at 600, 700 and 800 ◦C.
areas RA of these subspectra as calculated from the 80K data is
shown in Fig. 6. Three components were found to be required to
obtain an adequate fit for the MS of powder R600: (i) a sextet with
hyperfine parameters typical of the -Fe phase (which was not
detected in the XRD pattern); (ii) a doublet that can be attributed to
Fe3+ ions in the stabilized zirconia phase; (iii) a doublet that could
account for Fe2+ ions in the stabilized zirconia phase, thus formed
by reduction of part of the initial Fe3+ ions. Interestingly, the Fe2+
doublet parameters are close to those reported by Ghigna et al. [33]
for interstitial Fe2+ ions in the cubic zirconia lattice. Moreover, the
simultaneous presence of Fe3+, Fe2+ and metallic Fe is in agree-
ment with results reported by other researchers [34,35] showing
that the reduction of a cubic Zr0.8Fe0.2O1.8 solid solution in Ar–H2
atmosphere proceeds in two steps: Fe3+ to Fe2+ and Fe2+ to metal-
lic Fe. However, the reduction state of the iron species is still fairly
low when the reduction is performed at only 600 ◦C (see RA val-
ues in Table 1). For R700, the proportion of -Fe strongly increases
at the expense of that of Fe3+ contribution and interestingly two
more components are found: a central singlet that can be ascribed
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aFig. 5. Mo¨ssbauer spectra (RT and 80K) of the Fe-ZrO2 nanocom
o the face-centered cubic -Fe phase and a very weak inner sex-
et with hyperfine field ∼200kOe at RT (∼250kOe at 80K). As the
eduction temperature is further raised, the reduction of the iron
peciesprogresses,which is reflected in theabsenceof theFe3+ dou-
let above 800 ◦C and of the Fe2+ doublet for R1000 (Fig. 6a). The
roportion of the -Fe component increases from R700 to R950,
ut ends up lower for R1000, whereas the contribution of the -Fe
omponent increases from R700 to R900 from where on it reaches
plateau (Fig. 6b). The RA value for the inner sextet is constant for
700-R950, but markedly increases for R1000, at the expense of
-Fe. The nature of the phase that gives rise to this inner sextet is
uzzling. The hyperfine parameters of the sextet suggest an Fe/Zr
hase, more specific identification remains impossible because
f a lack of sufficiently reliable Mo¨ssbauer data for reference
ompositions.
The FEG-SEM studies revealed that some large (up to 50nm) Fe
articles are formed at the zirconia matrix surface upon reduction
t a temperature as low as 600 ◦C. The size range of these parti-powders prepared by reduction in H2 at 900, 950 and 1000 ◦C.
cles could point to-Fe, whichwould be in agreement with theMS
data. It can reasonably be inferred that the quantity of such parti-
cles increases upon increasing the reduction temperature between
600 and 950 ◦C, because theMS study has shown an increasing pro-
portion of -Fe. However, the size distribution (20–70nm) is only
slightly larger for R950 than for R600. Thus, it could be possible to
rule out a coalescence process which would lead to a more marked
shift to larger sizes an to a wider size range. It is thus proposed that
the -Fe surface particles grow by diffusion of Fe probably from
rather deep levels within the oxide matrix and along the crystal-
lite boundaries, and also by surface diffusion at the zirconia grains
surface. This process results in rather large -Fe surface particles
in moderate quantities. By contrast, much smaller (<5nm) surface
particles, in rather large quantities, are formed at higher tempera-
ture (1000 ◦C, maybe also at lower temperatures, notably 900 and
950 ◦C but with too small a size to be detected by FEG-SEM) and
seem to correspond to the metallic Fe produced by each zirconia
crystallite located at the surface. They could be attributed to -Fe
Table 1
Mo¨ssbauer results at RT and 80K for the oxide solid solution reduced in H2 at selected temperatures
TR (◦C) -Fe Sextet Fe3+ doubleta Fe2+ doublet -Fe
Hhf RA ı Hhf RA ı EQ RA ı EQ RA ı ı RA
RT
600b 327 11 0.00 – – – 0.93c 69 0.35c 2.10 20 0.98 – –
700 330 39 −0.01 203c 3 0.18c 0.93c 28 0.35c 2.09c 21 0.98c −0.06c 9
800 332 50 0.00 203c 6 0.18c 0.93c 15 0.35c 2.09c 8 0.98c −0.06c 21
900 330 57 −0.01 203c 4 0.18c – – – 2.09c 7 0.98c −0.07 32
950 331 64 0.00 203c 7 0.18c – – – 2.09c 3 0.98c −0.08 26
1000b 329 53 0.00 203 12 0.18 – – – – – – −0.06 35
80K
600b 340 13 0.12 – – – 1.04 68 0.49 2.36 19 1.09 – –
700 342 44 0.11 252 3 0.31c 1.04c 27 0.49c 2.36c 16 1.09c 0.04c 10
800 343 53 0.11 250 5 0.31c 1.04c 15 0.49c 2.36c 5 1.09c 0.04c 22
900 340 60 0.11 250 5 0.31c – – – 2.36c 5 1.09c 0.04 30
950 339 66 0.11 250c 6 0.31c – – – 2.36c 2 1.09c 0.04 26
1000b 341 51 0.11 249 18 0.31 – – – – – – 0.04 31
The quadrupole splittings (EQ) and isomer shifts (ı) are given in mm/s, the hyperfine fields in kOe and the relative spectral areas (RA) are in % of total area. The values of
isomer shifts are with respect to metallic iron.
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vHyperfine parameters for this doublet were fixed at the values obtained for the
b Mo¨ssbauer parameters for these spectra were adjusted and their values were s
emperatures.
c Fixed parameter.
nd/or the hypothetic Fe/Zr phase. During this stage, the diffusion
rocess in the zirconia crystallites would be lattice diffusion.
Earlier studies by the present authors on the selective reduc-
ion inH2 of Fe2O3–Cr2O3–Al2O3 [17], CoO–FeO–NiO–MgO [22] and
oAl2O4–FeAl2O4–MgAl2O4 [24,25] solid solutions have revealed
hat the reduction of the more easily reducible transition metal
ig. 6. Proportions of the unreduced iron species (a) and reduced iron species (b)
n the Fe-ZrO2 nanocomposite powders as calculated from the MS measured at 80K
ersus the reduction temperature.rsor material before reduction in H2.
uently fixed in the numerical analyses of the spectra for samples reduced at other
cation promotes the reduction of the less reducible one(s), resulting
in the formation of Fe/Cr, Co/Fe/Ni and Co/Fe alloy nanoparticles,
respectively. However, this promoting effect is not thought to be
probable if the two M/MxOy systems are too far apart in the Elling-
ham diagram that plots the variation of the free energy G of the
oxidation reaction versus temperature, as is the case for Fe/Fe2O3
and Zr/ZrO2, where ZrO2 is considered to be unreducible. How-
ever, as mentioned above the Fe2+ doublet parameters are close
to those reported by Ghigna et al. [33] for interstitial ions in the
cubic zirconia lattice. Interestingly, these authors [33] have pro-
posed that there is a direct iron-zirconium metallic bond since for
the interstitial Fe2+ ions the shorter iron-zirconium distance is only
0.364nm. Furthermore, it was shown [31] that when the stabilized
Zr0.9Fe0.1O1.95 solid solution isheated inair, the solubility of the Fe3+
progressively decreases which results in a phase partitioning with
the formationof Zr4+-substitutedhematitenanoparticles at the sur-
faceof the zirconia grains. This indicates that it is indeedpossible for
the Zr4+ ions to leave their positions in the zirconia lattice to enter
an iron-rich phase. Thus, we propose that as the reduction temper-
ature is progressively increased and the reduction proceeds, there
is the superimposition of the thermal effect, i.e. phase partitioning,
resulting in the formation of an Fe2+-rich transient phase incorpo-
rating a small fraction of the Zr4+ ions, which is easily reduced into
a metallic Fe/Zr phase accounting for the particular sextet detected
by MS.
4. Conclusions
The formation of Fe-ZrO2 nanocomposite powders by reduc-
tion in hydrogen of a totally stabilized Zr0.9Fe0.1O1.95 solid solution
(crystallite size below about 10nm) was investigated by XRD, FEG-
SEM and Mo¨ssbauer spectroscopy. The beginning of the reduction
of the stabilized Zr0.9Fe0.1O1.95 solid solution and the formation of
metallic particles precedes the transformation of zirconia into the
monoclinic phase, which becomes the major zirconia phase upon
reduction at 950 ◦C (crystallite size 30–120nm).-Fe particleswith
a size distribution slightly increasing from10–50 to 20–70nmupon
the increase in reduction temperature are observed and a second
population of smaller (<5nm) nanoparticles, probably -Fe, is also
noticed when the reduction is performed at 1000 ◦C. It is proposed
that the reduction of Fe3+, which starts below 600 ◦C, proceeds
in two steps, Fe3+ to Fe2+ (up to 900 ◦C) and Fe2+ to metallic Fe
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up to 1000 ◦C). The Fe2+ cations are believed to enter intersti-
ial sites in the cubic zirconia lattice with a very short Fe2+–Zr4+
istance, which would allow for a direct iron-zirconium metallic
ond in the zirconia phase as reported by other researchers [33],
urthermore, we propose that as the reduction temperature is pro-
ressively increased and the reduction proceeds, there is also a
hase partitioning, resulting in the formation of an Fe2+-rich tran-
ient phase incorporating a small fraction of the Zr4+ ions, which is
asily reduced into a metallic Fe/Zr phase accounting for the phase
ith a hyperfine field∼200kOe at RT (∼250kOe at 80K)whichwas
etected by Mo¨ssbauer spectroscopy.
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